Ghorbel MT, Cherif M, Mokhtari A, Bruno VD, Caputo M, Angelini GD. Off-pump coronary artery bypass surgery is associated with fewer gene expression changes in the human myocardium in comparison with on-pump surgery. Physiol Genomics 42: 67-75, 2010. First published March 23, 2010 doi:10.1152/physiolgenomics.00174.2009.-Offpump coronary artery bypass surgery reduces the myocardial injury associated with on pump surgery with cardiopulmonary bypass (CPB) and ischemic-cardioplegic arrest (CA). We sought to find a mechanistic explanation for this by comparing the transcriptomic changes in the myocardium of patients undergoing on-and off-pump surgery. Transcriptomic analyses were performed on left ventricular biopsies obtained from patients prior to (pre-op) and after completion of all coronary anastomoses (post-op). Microarray results were validated with real-time polymerase chain reaction. In on-pump group, 68 genes were upregulated in post-op vs. pre-op biopsies (P Ͻ 0.01, Ն2-fold). They included inflammatory genes CCL3 and CCL4, apoptotic gene GADD45B and prostaglandin synthesis gene PTGS2 (COX-2). In the off-pump group, 17 genes were upregulated in post-op vs. pre-op biopsies (P Ͻ 0.01, Ն2-fold), all shared with on-pump patients. To uncover the genes implicated in CPB and ischemic-CA response, we compared the postoperative gene profiles of the two groups. Thirty-eight genes were upregulated in the on-pump vs. off-pump patients (P Ͻ 0.01, Ն2-fold). On-pump surgery induces injury-related response, as demonstrated by the upregulation of apoptosis and remodeling markers, whereas off-pump surgery ameliorates that by mainly upregulating a cytoprotective genetic program. Blood levels of the identified cytokines and chemokines followed the same pattern obtained by transcriptomics, suggesting that the myocardium is a likely source for these proteomic changes. In conclusion, offpump surgery is associated with fewer alterations in gene expression connected with inflammation, apoptosis, and remodeling seen after on-pump surgery with CPB and ischemic-CA.
pared with off-pump surgery (5) . Other groups have, however, showed increased serum levels of inflammatory mediators during coronary surgery with or without CPB (21) .
Transcriptional profiling has emerged as a powerful tool for delineating complex patterns of gene expression in response to severe stimuli (18, 22) . Recent studies have used microarray technology to examine the human myocardial stress response during cardiac surgery (3, 10, 11, 14, 16, 23) . Ruel et al. (16) used a 12,625 gene array to examine the cardiac and peripheral gene expression responses to CPB and CA in human atrial myocardium and skeletal muscle. They showed an upregulation of inflammatory and transcription activators and apoptotic and stress genes (16) . The same group also investigated the differences in gene expression profiles in atrial myocardium of diabetic and nondiabetic patients undergoing CPB and CA (23) . However, to our knowledge, only one study investigated gene expression profiles in off-pump surgery. Tomic et al. (22) examined gene expression patterns in leukocytes and plasma proteomic response to on-pump and off-pump surgery. They showed that circulating leukocytes overexpress adhesion and signaling factors after contact with CPB, which potentially facilitates their trapping, e.g., in the lungs, and may promote a subsequent tissue-associated inflammatory response. Additionally, the blood leukocyte transcriptomics suggested that circulating leukocytes are not primarily responsible for the increase in blood cytokines and chemokines observed following surgery. The myocardium could, therefore, be the source for these circulating cytokines and chemokines.
The aim of our study was to investigate and compare the global transcriptomic ventricular myocardial alterations in patients undergoing off-pump and on-pump coronary artery bypass surgery. Patients. This study analyses data from 10 patients with a diagnosis of three vessel ischemic heart disease undergoing elective primary myocardial revascularization with or without the use of CPB and ischemic-CA (both n ϭ 5). The study was approved by the Local Research Ethics Committee, and all patients gave informed consent.
Anesthetic, cardiopulmonary bypass, and surgical technique for on-pump and off-pump surgery have been previously described (7, 24) . In brief, for on-pump patients, intravenous heparin (300 IU/kg) was administered immediately before cannulation for CPB, and additional doses were given to maintain an activated clotting time of 480 s or greater. Cardiopulmonary bypass was instituted by cannulation of the distal ascending aorta and insertion of a single two-stage cannula into the right atrium. Nonpulsatile flow rates of 2.4 l·min Ϫ1 ·m Ϫ2 and normothermic temperatures (35-37°C) were used. The cardioplegic solution was prepared by the perfusionist by mixing whole blood with potassium chloride and magnesium sulphate using the methods described by Calafiore et al. (6) .
The method of exposure and stabilization for performing off-pump surgery has been described previously (24) . The left anterior descending coronary artery was grafted first in all patients, followed by the right coronary and circumflex coronary artery distal anastomoses. The proximal anastomoses onto the ascending aorta were constructed at the end. Postoperative management (fluid balance, transfusion requirements, and inotropic support, etc) were in accordance with unit protocols as previously described (7, 24) .
ELISA protein analysis. Whole blood was collected into heparinized tubes from five on-pump and five off-pump patients immediately after induction of anesthesia (preoperative) and 4, 24, and 48 h postoperatively. Each sample was immediately centrifuged at 4°C and 1,000 g for 15 min. The plasma samples were separated and multiple aliquots stored at Ϫ80°C until assayed. Human IL-6, IL-8, monocyte chemoattractant protein (MCP)1 (CCL2), MCP2 (CCL8), macrophage inflammatory protein (MIP)1␣ (CCL3), and MIP1␤ (CCL4) were measured in plasma samples using the e-Bioscience and R&D systems ELISA kits according to the manufacturer's instructions. Each sample was performed in duplicate. The plate was read using a microplate reader (Quant, Bio-Tek) and the results were interpolated from the standard reference curve provided with each kit. Statistical analysis (t-test) was carried out using Instat 3 software. A P value of Ͻ0.05 was considered statistically significant.
Cardiac muscle biopsies. Two biopsy specimens (10 mg net weight) were collected from the apex of the left ventricle using a "Trucut" needle as previously described (7). In the on-pump group, the first biopsy (pre-op) was taken immediately before institution of CPB and the second (post-op) 20 min after completion of all coronary anastomoses. For off-pump patients, the first biopsy was collected before starting the first anastomosis prior to any displacement of the heart (pre-op) and the second (post-op) 20 min after completion of all anastomoses. Each specimen was immediately snap-frozen in liquid nitrogen and stored at Ϫ80°C.
RNA extraction. Tissue was mechanically homogenized in lysis reagent (Qiagen, Crawley, UK) and Total RNA was purified with RNeasy Micro Kit (Qiagen) and eluted into 12 l of RNase-free water. The concentration and purity of the total RNA samples were assessed by spectrophotometry (Nanodrop, Wilmington, DE) and further analyzed for integrity with a Bioanalyzer 2100 with RNA 6000 Nano Assay (Agilent Technologies, Stockport, UK).
Gene microarrays. Ventricular total RNAs (1 g) from individual patients were used to generate biotinylated cRNAs. The quantity and size distribution of purified cRNA was assessed on a Bioanalyzer 2100 using RNA 6000 Nano Assay (Agilent Technologies) to ensure that the cRNA amplification was successful. Target fragmentation was achieved by incubation at 94°C for 35 min in fragmentation buffer (40 mM Trisacetate, pH 8.1/100 mM KOAc/30 mM MgOAc). The size distribution of the fragmented labeled transcripts was assessed on the Agilent Technologies Bioanalyzer 2100 using the RNA 6000 Nano Assay. These cRNAs samples were used for hybridization to separate Affymetrix GeneChip arrays. For each experimental group, five samples from individual patients were processed. Hybridization of the labeled cRNA to the Affymetrix GeneChip Human Genome U133 Plus 2.0 Array was carried out for 16 h in the Affymetrix GeneChip Hybridization Oven 640. Then GeneChip arrays were stained and washed on the GeneChip Fluidics Station 450 (Affymetrix). The fluorescent signals were detected with an Affymetrix GeneChip Scanner 3000 and stored as high-resolution fluorescence intensity data file. These data were initially analyzed with Affymetrix GeneChip operating software GCOS 1.2, which generates an expression report file that lists the quality control parameters. All of these parameters were scrutinized to ensure that array data had reached the necessary quality standards (scaling factor of Ͻ3-fold; average background values at 20 -100 and the ratio of 3=:5= signal no more than 3 for housekeeping genes GAPDH and ␤-actin). The complete MIAMEcompliant datasets have been submitted and accepted by Gene Expression Omnibus at the National Center for Biotechnology Information (accession number GSE12504).
Microarray data analysis. Separate microarrays were probed with independently generated target from each tissue. Raw data (CEL files) were uploaded into ArrayStar software version 2.1 (DNASTAR) for http://physiolgenomics.physiology.org/ normalization and statistical analysis. The robust multichip analysis algorithm was used for background correction, quantile normalization and median polish summarization. The statistical analysis (ANOVA) was carried out using ArraStar software. P value was set to Ͻ0.01 and transcripts were filtered on the basis of Ն2-fold difference. Gene annotations. All gene annotations were checked by using online tools and databases: Entrez Gene (http://www.ncbi.nlm.nih.gov/sites/ entrez). Note that the databases are in a constant state of flux and that annotations are subject to updates, redefinition, and correction. The DAVID (Database for Annotation, Visualization, and Integrated Discovery) resource (9) was used for functional annotation clustering. The software PathwayStudio and the ResNet database were used to explore the networks of interactions where the physiological regulated genes are potentially involved.
cDNA synthesis and real-time PCR. Complementary DNA was reverse transcribed from 1 g of total RNA using Superscript III cDNA first-strand synthesis kit (Invitrogen, UK), diluted twofold and 1 l used in real-time PCR reactions. Optimized primers of human CCL2 (QT00212730), CCL3 (QT01008063), CCL4 (QT01008070), IL-8 (QT00000322), prostaglandin-endoperoxide synthase gene (PTGS2) (QT00040586), and SNF1-like kinase (SNF1LK) (QT00032270) were purchased from Qiagen (UK). Amplification and detection of specific products were carried out with Roche Lightcycler 1.5 detection System. Each sample was performed in duplicate. 18S mRNA was used as endogenous control transcript in each sample. Relative expression ratios were calculated by the relative quantification real-time-PCR method (12) . Statistical analysis (one-way ANOVA followed by Bonferroni multiple comparison test) was carried out using Instat 3 software. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Patients characteristics and clinical outcomes are presented in Table 1 . The two groups were comparable in terms of age and preoperative risk factors. There were no deaths and no major morbidity in either group. Patients in the off-pump group tended to have a shorter intensive care unit and hospital stay compared with patients in the on pump group.
Gene expression. In the on-pump patients, 68 genes were identified as differentially upregulated in post-op vs. pre-op biopsies (P Ͻ 0.01; Ն2-fold; Table 2 ). In the off-pump patients, 17 genes were identified as differentially upregulated in post-op vs. pre-op biopsies (P Ͻ 0.01; Ն2-fold; Table 3 ). Interestingly all the 17 upregulated genes were shared with on-pump patients (Fig. 1A) .
To uncover the genes implicated in CPB and ischemic-CA response, we compared the post-operative gene expression profiles of on-pump and off-pump patients. Of the genes examined, 38 genes were identified as differentially expressed in the on-pump vs. off-pump patients (P Ͻ 0.01; Ն2-fold), with all of them upregulated (Table 4) . Importantly 12 genes were exclusive to on-off-pump comparison and 26 were shared with on-pump comparison (Fig. 1B) .
Gene Ontology biologic process annotations of gene differentially expressed in on-and off pump pre-vs. postoperative. The DAVID (Database for Annotation, Visualization, and Integrated Discovery) resource (9) was used to obtain Gene Ontology (GO) annotations for the category "biologic process." The biologic process categories: inflammatory response, apoptosis, cell proliferation, cell development, transcription regulation, cell communication, and angiogenesis were identified. The bar chart (Fig. 1C) shows the number of genes in the categories separately for on-pump and off-pump comparison transcripts. Transcripts in all categories, including inflammatory response and apoptosis, dramatically decreased in offpump comparison (Fig. 1C) . Most strikingly, transcripts in the category angiogenesis are exclusive to on-pump comparison (Fig. 1C) . Collectively, these ontological changes indicate genetic remodeling of the myocardium subjected to CPB and ischemic-CA. This genetic alteration seems to be ameliorated by off-pump surgery.
Pathway analysis. Using Pathway studio (Ariadne Genomics, Rockville, MD), we further analyzed the differentially expressed genes in on-pump post-op vs. pre-op. The analysis looked for the direct pathways connecting genes. The resulting biological association network is presented in Fig. 2 . The inflammatory response factors IL-6, IL-8, CCL2, CCL3, and CCL4 showed a high number of direct connections to each other as well as to the transcription factors JUN, FOS, and early growth response (EGR)1. In the inflammation class, IL-6 exhibited the biggest node connecting most of the differentially expressed genes followed by CCL2 and IL-8. In the transcription category, JUN and FOS presented the biggest nodes.
Validation of microarray with real-time PCR. Microarray results were confirmed by using real-time quantitative PCR on six selected genes that demonstrated differential gene expression. The changes in expression levels of CCL2, CCL3, CCL4, IL8, PTGS2, and SNF1LK showed a high degree of correlation with the microarray data (Fig. 3) .
ELISA protein analysis. The microarray analysis showed mRNA level increase of a panel of cytokines and chemokines in heart biopsies following on-pump surgery. Assessment of plasma concentrations for these cytokines and chemokines preoperative and 4, 24, and 48 h postoperative, revealed similar profile to that obtained at the transcriptomic level: IL-6 and IL-8 were induced in response to either on-pump or off-pump surgery and this increase was detectable following surgery (Fig. 4) . However, MCP1 (CCL2), MCP2 (CCL8), MIP1␣ (CCL3), and MIP1␤ (CCL4) circulating levels increased by on-pump surgery but did not change by off-pump surgery (Fig. 4) .
DISCUSSION
The development of off-pump surgery, which avoids cardiopulmonary bypass and cardioplegic arrest used in the on-pump procedure, allows for the first time a direct comparison of two groups of patients with the same pathology undergoing coronary revascularization. This is the first genomic study comparing the effect of both interventions on transcriptomic changes in left ventricle biopsies using gene expression profiling technology. The main finding of the study is that off-pump surgery is associated with fewer alterations in gene expression linked to inflammation and apoptosis. This work completes earlier studies (3, 10, 11, 13, 14, 16, 23) that have focused on on-pump surgery with CPB and ischemia-CA.
The categories of genes found to be upregulated in on-pump subjects were early transcription factors such as FOS, EGR1, and EGR2, mediators of the inflammatory response such as IL8 and CCL3 and apoptosis genes such as NR4A1. Performing the surgery off-pump was associated with dramatically fewer number of upregulated genes implicated in transcription, inflam- matory response, and apoptosis. A likely explanation for the difference between the two techniques is that on-pump surgery involves an inflammatory response due to CPB and myocardial ischemic stress due to CA. In the category inflammatory response, several cytokine and chemokine genes were upregulated in on-pump patients. IL-8 showed an important gene expression change and was highly upregulated (14:1 and 4:1 ratios, respectively) in both on-pump and off-pump patients following surgery. IL-6 showed 3.6-and 1.9-fold increase by surgery in on-pump and off-pump subjects, respectively. The plasma protein level of IL-6 and IL-8 reflected the transcriptomic changes observed. It has previously been shown that IL-8 and IL-6 are produced and released by the ischemic myocardium and cardiac myocytes exposed to ischemiareperfusion (8, 15, 20) . Here we provide evidence that the induction of IL-6 and IL-8 is not specific to on-or off-pump surgery and that these two cytokines are part of a general inflammatory response associated with the surgery itself. Our observations are similar to that of an investigation in which the induction of IL-6 and IL-8 in the myocardium was demonstrated following acute ischemia (10) . Additionally the global responses in our study were quite similar to this previous investigation (10) .
The upregulation of IL-6, CCL2 (MCP1), and CCL4 (MIP1␤) gene and protein expressions is consistent with a recent study looking at peripheral blood mononuclear cells transcriptomic and plasma proteomic responses to on-pump and off-pump surgery (22) . Indeed Tomic et al. (22) demonstrated an increase in plasma protein level of these three genes after surgery. However, they did not notice any significant alteration of the corresponding mRNA transcripts in the peripheral blood mononuclear cells, concluding that the latter are not the primary source of plasma-enhanced level of these cytokine and chemokines following on-pump surgery. Although the trigger for cytokines and chemokines' upregulation is likely to be systemic (CPB) and cardiac (CA), the question remains of whether an increase in cardiac gene expression is translated into protein production. There is experimental evidence that isolated hearts exposed to ischemia and reperfusion have increased levels of cytokines (8, 20) . Our data suggest that ventricular heart cells may contribute to plasma cytokine and chemokine alteration observed. However, these elevations could also be caused by release from other organs and or posttranscriptional changes induced by CPB and ischemic-CA.
Furthermore, here we provide evidence that the myocardial mRNA and plasma protein levels of CCL3 (MIP1␣) and CCL4 (MIP1␤) were associated with CPB and ischemic-CA. Indeed, performing the surgery off-pump reduced significantly the levels of these two chemokines at both the mRNA and plasma levels. Unlike CCL2, which appears to reflect a more generalized stress response, CCL3 and CCL4 seem to be specifically associated with initiation of CPB and ischemic-CA, suggesting potential role for these factors different from that of CCL2.
In addition to the above cytokine and chemokines, we validated the differential expression of two more genes, SNF1LK (also known as MSK and SIK) and PTGS2, also known as cyclooxygenase 2 (COX2). SNF1LK, upregulated by 11-fold in the on-pump group and 3-fold in the off-pump group, is a serine/ threonine kinase previously shown to be expressed specifically in myocardial cells of the developing heart (17) . Additionally, the region encompassing SNF1LK locus has been implicated in congenital heart defects often observed in patients with Down syndrome (19) . However, no SNF1LK expression has been documented in the normal or ischemic adult heart. The upregulation of SNF1LK mRNA by surgery stress suggests a new role for this kinase in the adult heart. PTGS2 (COX2), upregulated by fivefold in on-pump patients, encodes a key enzyme in prostaglandin biosynthesis. PTGS2 expression is induced in cardiomyocytes during myocardial infarction and thought to play a role in mediating inflammatory reaction (25) . Additionally new evidence suggests a potential cause-effect link between PTGS2 expression and enhanced myocardial apoptosis (1) . In concert with these previous studies, our findings indicate a role for PTGS2 in myocardial injury following CPB and ischemic-CA.
When comparing on-pump vs. off-pump at the end of surgery, our data suggest that CPB and ischemic-CA upregulates an injury-related response as demonstrated by the upregulation of apoptosis and remodeling markers (NR4A1, FBLN1, COL1A1, COL1A2, MXRA5), whereas surgery stress alone in off-pump surgery upregulates mainly a cytoprotective genetic program (ATF3, EGR1). However, this does not answer the specific CPB and ischemic-CA contribution to the gene expression changes observed. Furthermore, CPB and ischemic-CA elicit both cardioprotective (ATF3, EGR1) and injury-related (NR4A1, PMAIP1) transcriptional changes. This finding is similar to previous investigation showing the activation of both proapoptotic and antiapoptotic mediators after CPB and ischemic-CA (14) .
Finally and in support to our findings, 15 of the upregulated genes in our on-pump ventricular biopsies were found to be upregulated by CPB and ischemic-CA in on-pump atrial biopsies in previous study (16) . Despite the apparent differences between atrial and ventricular myocardium, both tissues respond in a similar way to CPB and ischemic-CA (16) . Interestingly, our data show mainly an upregulation of gene expression in ventricular biopsies following CPB and ischemic-CA in contrast to atrial biopsies showing up-and downregulation of gene expression in response to the same stimulus (16, 23) . Fig. 4 . Time course of plasma levels of IL6, IL8, MCP1, MCP2, MIP1␣, and MIP1␤. Dots connected by solid line represent the time course for median protein concentration in plasma samples (in pg/ml). For MCP1, MCP2, MIP1␣, and MIP1␤, significantly enhanced protein expression was confirmed after 4 h of on-pump surgery, whereas no changes were observed following off-pump surgery. For IL-6 and IL-8, significantly enhanced protein expression was confirmed after 4 h of on-pump and off-pump surgeries. Results are shown as means (Ϯ SE). *P Ͻ 0.05 vs. preoperative, **P Ͻ 0.01 vs. preoperative.
Limitation of the study. In this study we showed that a number of cytokine and chemokine genes were upregulated postoperatively in on-pump patients at the mRNA level in the myocardium and at the protein level in the blood. It is therefore reasonable to suggest that ventricular heart cells contribute to plasma cytokine and chemokine alteration observed in patients' blood. However, because the blood samples used were not transcardiac, we cannot be certain as to whether the increased circulating levels of cytokines and chemokines are from the heart and/or other organs. Furthermore, our study cannot distinguish the individual contribution of CPB and ischemic-CA to the transcriptome changes seen in the on-pump patients.
Conclusion. Off-pump surgery reduced the alteration in gene expression associated with inflammation, apoptosis, hypertrophy, and remodeling seen after on-pump surgery with cardiopulmonary bypass and ischemic-cardioplegic arrest. This study lends weight to mechanistic understanding of the previously demonstrated advantages of off-pump over on-pump surgery in terms of early functional changes, myocardial protection and clinical outcomes (2, 5) . Since on-pump procedures are unavoidable in some patient subgroups, our study also identifies multiple possible targets for intervention to reduce its impact on the ventricular myocardium.
